Saint Louis encephalitis virus (SLEV), a member of the genus Flavivirus (family Flaviviridae), is an encephalitogenic arbovirus broadly distributed in the Americas. Phylogenetic analysis based on the full-length E gene sequences obtained for 30 Brazilian SLEV strains was performed using different methods including Bayesian and relaxed molecular clock approaches. A new genetic lineage was suggested, hereafter named genotype VIII, which co-circulates with the previously described genotype V in the Brazilian Amazon region. Genotypes II and III were restricted to Sã o Paulo state (South-east Atlantic rainforest ecosystem). The analysis also suggested the emergence of an SLEV common ancestor between 1875 and 1973 (mean of 107 years ago), giving rise to two major genetic groups: genotype II, more prevalent in the North America, and a second group comprising the other genotypes (I and III-VIII), broadly dispersed throughout the Americas, suggesting that SLEV initially emerged in South America and spread to North America.
INTRODUCTION
Saint Louis encephalitis virus (SLEV) is an encephalitogenic arbovirus with a primary life cycle associated with Culex mosquitoes and wild birds (Travassos da Rosa et al., 1997; Vasconcelos et al., 1998; Reisen, 2003) . Taxonomically, Saint Louis encephalitis virus is a recognized species of the genus Flavivirus, family Flaviviridae, and belongs to the Japanese encephalitis virus (JEV) group, which includes other important human pathogens such as West Nile virus (WNV), JEV and Murray Valley encephalitis virus (Calisher & Gould, 2003) .
SLEV is widely distributed throughout the western hemisphere from Canada to Argentina. SLEV was first isolated in 1933 during a major epidemic that occurred in St Louis, Missouri, USA, with more than 1000 encephalitis cases reported. Outbreaks or clusters of encephalitis cases associated with SLEV have been reported annually in the USA (Reisen, 2003) . Usually, the fatality rate ranges from 5 to 20 % (Tsai & Mitchell, 1988) , with higher mortality rates observed among the elderly (.75 years of age) (Reisen, 2003) .
The low number of human cases reported in tropical regions of the Americas may reflect inadequate laboratory diagnosis, circulation of less virulent virus strains and/or enzootic cycles involving mosquitoes that are not typically anthropophilic (Spense, 1980) . Only three SLEV strains have been isolated from humans in Brazil. Two patients resident in Para state had clinical manifestations characterized by fever and jaundice (Pinheiro et al., 1981; Vasconcelos et al., 1998) , whilst one from São Paulo was suspected of dengue-like disease (Rocco et al., 2005) . None of them had neurological symptoms. Recently, the SLEV genome was detected by RT-PCR in four patients with clinical symptoms similar to those observed in dengue fever, as well as in two other patients clinically diagnosed as presenting with viral meningoencephalitis, in the municipality of São José do Rio Preto, São Paulo, south-eastern Brazil (Mondini et al., 2007a, b) .
In Brazil, several SLEV strains have been obtained from wild birds, especially from those belonging to the family Formicariidae (Dégallier et al., 1992) , and also from Culex mosquitoes. Furthermore, many strains have been isolated from Culex declarator and Culex coronator mosquitoes, both predominantly ornithophilic but also able to infect primates and considered potential SLEV vectors in the Brazilian Amazon (Travassos da Rosa et al., 1985; Hervé et al., 1986; Vasconcelos et al., 1991) .
Other potential vectors, including species belonging to the genera Aedes, Mansonia and Sabethes, can become infected and transmit SLEV to other vertebrate hosts. Thus, secondary cycles certainly exist on different forest levels, resulting in the participation of other animals in the cycle, including rodents and marsupials on the ground and nonhuman primates in the canopy (Hervé et al., 1986) . Moreover, a serological survey performed on equines from the Brazilian Amazon and Pantanal areas revealed a high prevalence of neutralizing antibodies (50.9 %) to SLEV (Rodrigues et al., 2009) .
Previous phylogenetic studies based on complete nucleotide sequences of the envelope gene (E) (Kramer & Chandler, 2001; Twiddy & Holmes, 2003; May et al., 2008; Auguste et al., 2009; Ottendorfer et al., 2009 ) and the ORF (10 236 nt) (Baillie et al., 2008) of SLEV strains have revealed the genetic diversity of SLEV in the Americas. However, there is no consensus in terms of number of SLEV genetic lineages and sublineages.
Most SLEV strains have been grouped geographically (Kramer & Chandler, 2001) , suggesting that SLEV is predominantly maintained in a particular area. However, some strains have occasionally been transported between areas within and outside the USA (Kramer et al., 1997; Kramer & Chandler, 2001) . There is no evidence of a correlation between phylogenetic grouping (based on the nucleotide sequence of the E gene) and phenotypic characteristics (such as virulence) (Kramer et al., 1997) . In those analyses, the SLEV strains from the Brazilian Amazon were classified as genotype V (subgenotypes VA and VB), whilst isolates from south-eastern Brazil (São Paulo state) were classified as genotypes II and III.
In this study, we examined the molecular epidemiology of SLEV, including the genetic diversity and dispersal of SLEV, through phylogenetic analysis based on the complete nucleotide sequence of the E gene of 30 SLEV strains isolated in the Brazilian Amazon that had not previously been studied.
RESULTS
The nucleotide sequence divergence between groups was assessed and determined as 6.3±0.4 % (mean±SD). The mean within-group genetic divergence was estimated at 4 % ranging from 3.2 % for genotype II to 4.7 % for genotype IV, and the confidence value (CV) was determined as 5.1 %.
Phylogenetic trees constructed by neighbour-joining (NJ), maximum-parsimony (MP), maximum-likelihood (ML) and Bayesian methods revealed similar topologies. All methods generated trees with a similar topology; thus, we used the ML and Bayesian reconstructions, which presented higher bootstrap and Bayesian posterior probability values, respectively, to represent the final topology. The phylogeny depicted all SLEV strains divided into eight phylogenetic groups: groups I-VII corresponding to previously described genotypes (Kramer & Chandler, 2001 ) and a distinct group, hereafter designated genotype VIII. Phylogenetic groups were determined using the association of bootstrap (.75 %), posterior probability (.0.9) and CV (5.1 %) as the criteria established for group inclusion or exclusion.
Fourteen out of 37 strains (37.8 %) isolated in the Brazilian Amazon region were identified as genotype VIII, and 23 (62.2 %) as genotype V (Fig. 1) . Seven strains isolated in Pará state were classified as subgenotype VIIIA. One strain isolated in Mato Grosso state was classified as subgenotype VIIIB together with six other isolates from Pará state ( Fig. 1 ). For genotype V, nine isolates (eight from Pará state and one from Rondô nia) were grouped in the VA subgenotype, whilst seven isolates from Pará were included in the VB subgenotype.
To investigate the divergence time among SLEV strains in the Americas, we used a time-scaled analysis based on evolutionary rates estimated using the Bayesian coalescent method (Fig. 1) Our comparative and chronological phylogenetic analysis carried out using full-length E gene sequences for 133 SLEV strains, 30 of them sequenced in this study, identified the presence of the seven genotypes reported by Kramer & Chandler (2001) , as well as 14 strains within a new genotype, designated genotype VIII (Fig. 1) .
The results obtained by the molecular clock analysis suggested that SLEV is a relatively new flavivirus in comparison with other flaviviruses that are transmitted by mosquitoes, such as dengue virus and yellow fever virus (Zanotto et al., 1995 (Zanotto et al., , 1996 Bryant et al., 2007) , as its evolutionary history was dated between 1875 and 1973 (mean 1898). The analysis conducted by Auguste et al. (2009) , which included 73 SLEV strains, indicated SLEV dispersal from South America towards North America and is in agreement with the current chronological analysis of the 133 SLEVs performed in this study (Fig. 1) . In fact, the current analysis suggests evolutionary events that occurred almost simultaneously in both hemispheres (North America: 77-108 years ago; South America: 72-121 years ago) through the introduction of a given progenitor (genotype common ancestor), leading to the emergence and geographical dispersal of distinct phylogenetic lineages in North and South America along the time line.
These two ancestral groups are mainly represented by: (i) genotype II, which was almost entirely restricted to North America and included the strains isolated during major SLEV epidemics in North America between 1933 and 2003; and (ii) the other genotypes I and III-VIII, which were more widely distributed and responsible for outbreaks, epizootics and/or enzootic transmission during the same period of time in various countries in South America (Argentina, Brazil and Peru), Central America (Guatemala and Panama) and the Caribbean (Jamaica and Trinidad and Tobago), as well as in the USA (Fig. 1) .
Genotypes V and VIII were more prevalent in Brazil and, according to the analysis using the relaxed molecular clock method, these genotypes evolved from a common ancestor between 1937 and 1950, segregating with time into two distinct subgenotypes that emerged in almost the same period ( Fig. 1) . High Bayesian posterior probabilities (BPPs) support the designation of SLEV genotype VIII (1.0), as well as the subgenotypes VIIIA (0.97) and VIIIB (0.92). The genotype VIII phylogenetic group was also supported by its within-group genetic divergence (3.9 %), which was less than the CV (5.1 %) used as a criterion for group inclusion or exclusion (Fig. 1) .
Genotype VIII was restricted to the Pará state in the northern Amazon region, whilst genotype V was widely distributed in the Americas, with strains isolated in Argentina, Brazil, Peru and Trinidad and Tobago, which were grouped in subgenotype VA, and USA strains, which were grouped in subgenotype VB. Based on our analysis, the MRCA for subgenotype VA emerged between 1948 and 1955 (mean 1953) and is more closely related to a Trinidad and Tobago strain, following a dispersion pattern in the Brazilian Amazon from east to west in different municipalities of Pará (Altamira, Belém, Faro, Itaituba, Medicilândia, Oriximiná, Santarém and Tucurui) and the Rondô nia states (Jamari) (Fig. 2) . The prevalence of subgenotype VA in the 1980s was higher than that observed for subgenotype VB, being subsequently detected over the time in Tucuruí (1990) and Medicilândia (2002) in Pará state (Fig. 2) . Interestingly, the SLEV strains from California (1998 California ( -2001 and Texas (2002) identified as genotype V were closely related to the strain from Medicilândia isolated in 2002 (BRA-02) (Fig. 1) , suggesting an intense traffic of SLEV through the two American subcontinents, probably by migratory birds.
SLEV strains identified as genotype VB were isolated in the 1960s and 1970s from wild birds and mosquitoes or sentinel animals at a surveillance site for arboviruses placed in a forested area near Belém, the capital of Pará state (Table 1, Fig. 2 ). The circulation of SLEV in the 1970s was associated with isolation of the BRA-78 strain from a patient resident in Belém, although epidemiological investigations in the workplace and residence of the patient revealed no evidence of extensive SLEV transmission (Pinheiro et al., 1981) . The subgenotype VB was also isolated in the north-eastern and southern regions of Pará, respectively, in the municipalities of Ipixuna (1960) , Itaituba (1971 Itaituba ( , 1973 and Marabá (1984) ( Table 1, Fig. 2 ).
The phylogenetic analysis suggested a broad distribution of SLEV genotype VIII in the Amazon (Fig. 2) (Figs 1 and 2) ; SLEV subgenotype VIIIB was equally dispersed and was also detected in the state of Mato Grosso (Fig. 2) .
In the surveillance site neighbouring Belém, the subgenotypes VA, VB, VIIIA and VIIIB were also detected. The VIIIA and VIIIB subgenotypes were identified until 1984 (Figs 1 and 2); however, it was not possible to conclude whether there is current circulation of these subgenotypes in the Brazilian Amazon due to the small numbers of SLEV strains isolated in the years following those included in the analysis.
The two SLEV strains isolated in São Paulo state, southeastern Brazil, were distinct from those from the Brazilian Amazon region, with one strain (BRA-68) identified as a member of genotype II and the other (BRA-04) a member of genotype III (Santos et al., 2006) . The BRA-04 strain was isolated from a patient with clinical symptoms suggestive of dengue fever (Rocco et al., 2005) and was genetically related to SLEV strains isolated from Culex quinquefasciatus mosquitoes during a SLEV outbreak in 2005 in Có rdoba, Argentina (Diaz et al., 2006; May et al., 2008) .
Based on the time-scaled analysis, our results suggested that SLEV genotype II was the first to emerge in the Americas between 1898 and 1930, followed, in order, by genotypes I, VI, VIII, IV, VII, III and V within a period of 42 years between 1936 and 1978.
In conclusion, this study identified a new genetic lineage of SLEV (genotype VIII) and demonstrated that genotypes V and VIII are largely distributed in the Brazilian Amazon, whereas genotypes II and III are genetic lineages that circulate in an area restricted to the south-east Atlantic Forest system (state of São Paulo). To understand better the spread of SLEV in the Americas regarding different populations and geographical regions, further studies using robust phylogenetic inferences and more strains from other South American regions are needed.
METHODS
Viral samples. Thirty low-passage-number SLEV strains were obtained from the reference arbovirus collection at the Department of Arbovirus and Hemorrhagic Fevers, Instituto Evandro Chagas, Brazil, isolated between 1964 and 2002 in the states of Pará (n528), Rondô nia (n51) and Mato Grosso (n51) ( Table 1) . The viral strains were obtained primarily from infected newborn mice brains. The lyophilized strains were rehydrated and recovered after a single passage in Vero cells.
RNA extraction. Viral RNA was extracted from the supernatant of infected Vero cells exhibiting approximately 75 % cytopathic effect. RNA extractions were performed using the Trizol LS method (Gibco Life Sciences) following the manufacturer's instructions.
RT-PCR. The SLEV full-length E gene was amplified by RT-PCR using three sets of primers specific to the E region (F880/B1629, F1390/C207 and F1990/B2586; Kramer & Chandler, 2001 ). Amplicons were purified using a PureLink Quick Gel Extraction kit (Invitrogen) and the cDNA was sequenced directly using the dideoxyribonucleotide chain-termination method (Sanger et al., 1977) in an automated capillary sequencer (ABI 3130; Applied Biosystems) using an ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction v3.1 kit (Applied Biosystems). Amplicons were sequenced in both directions using the same primers as for the RT-PCRs.
Assembly and sequence analysis. The obtained sequences were first analysed for quality and then assembled into a single contig using the SeqMan v5.0 program (LaserGene; DNAStar). Multiple sequence alignment was performed using CLUSTAL_X software to determine the genetic divergence among the studied strains. The genetic divergence within and between groups was assessed using MEGA v4.0 software (Kumar et al., 2008) and used to estimate a CV to define the phylogenetic grouping. The CV was determined as described previously (Medeiros et al., 2007) as the mean of genetic divergence within and between groups based on well-established SLEV genotypes (genotypes I-VII). Viruses were grouped when the genetic divergence within a given group was less than the CV; strains were excluded from a given group if the value for the genetic divergence within the group was greater than or equal to the CV. Phylogenetic trees were constructed using the NJ (Saitou & Nei, 1987) , ML and MP methods using PAUP v4.0 software (Swofford, 1999) . The Modeltest v3.6 program (Posada & Crandall, 1998 ) was used to determine the best nucleotide substitution model to be used according to the Akaike information criteria. For the NJ method, a distance matrix was calculated using the aligned sequences using the Tamura three-parameter and gamma distribution (gamma distribution parameter51). For the MP method, a 4 : 1 transition : transversion ratio was used. Bootstrap replication (2000 replicates) was applied to give confidence on phylogenetic grouping (Felsenstein, 1985) . WNV strain NY99 (GenBank accession no. DQ211652) was used as an outgroup to root the trees. Phylogenetic groups were defined using the highest bootstrap or BPP values over each main node in combination with the criteria for group inclusion or exclusion using the CV as reference.
The nucleotide substitution model selected by Modeltest was also used to estimate trees using Bayesian Markov chain Monte Carlo approaches implemented in MrBayes and BEAST (Drummond et al., 2003) . In this case, the final tree presented was the maximum clade credibility tree estimated in BEAST with a chain length of 175 million, sampling every 1000. The BPP was estimated from the data obtained for 50 % of the generated consensus trees (Huelsenbeck et al., 2001) . The TRACER program (http://tree.bio.ed.ac.uk/software/tracer/) was used to inspect whether MrBayes reached the appropriated convergence. Nucleotide substitution rates and the age of the MRCA were estimated for the whole dataset using models that allowed for rate variation among lineages under a relaxed (uncorrelated exponential) molecular clock (Drummond et al., 2006) performed in BEAST where tip times corresponded to the year of virus sampling (Drummond et al., 2003) . Bootstrap values less than 75 % and a BPP less than 0.9 were not represented in the final tree.
